The divalent calcium cation Ca2+ is used as a major signaling molecule during cell signal transduction to regulate energy output, cellular metabolism, and phenotype. The basis to the signaling role of Ca2+ is an intricate network of cellular channels and transporters that allow a low resting concentration of Ca2+ in the cytosol of the cell (lCa2+1) but that are also coupled to major dynamic and rapidly exchanging stores. This enables extracellular signals from hormones and growth factors to be transduced as ICa2+li spikes that are amplitude and frequency encoded. There is considerable evidence that a number of toxic environmental chemicals target these Ca2+ signaling processes, alter them, and induce cell death by apoptosis. Two major pathways for apoptosis will be considered. The first one involves Ca2+-mediated expression of ligands that bind to and activate death receptors such as CD95 (Fas, APO-1). In the second pathway, Ca2+ has a direct toxic effect and its primary targets include the mitochondria and the endoplasmic reticulum (ER). Mitochondria may respond to an apoptotic Ca2+ signal by the selective release of cytochrome c or through enhanced production of reactive oxygen species and opening of an inner mitochondrial membrane pore. Toxic agents such as the environmental pollutant tributyltin or the natural plant product thapsigargin, which deplete the ER Ca2+ stores, will induce as a direct result of this effect the opening of plasma membrane Ca2+ channels and an ER stress response. In contrast, under some conditions, Ca2+ signals may be cytoprotective and antagonize the apoptotic machinery. -Environ Health Perspect 1 07(Suppl 1 ): 25-35 (1999). http://ehpnet1.niehs.nih.gov/docs/1999/Suppl-1/25-35kass/abstracthtml
plays important roles such as membrane stabilizer, cofactor for proteins, electric charge carrier, and diffusible intracellular messenger (1, 2) . These roles result partly from the unusual distribution of soluble Ca2+ in the intracellular and extracellular environments and partly from the unique ability of Ca2+ to interact with proteins. The total Ca2+ concentration in extracellular biologic fluids such as blood serum ranges from 1.6 to 2 mM (of which approximately 50% is bound to proteins and other constituents). Within controlling cellular Ca2+ homeostasis and Ca2+ signaling processes, either through inherited genetic abnormalities or through exposure to drugs or environmental agents, is the basis for many diseases and other pathologic conditions. This review summarizes recent progress in understanding how alterations in Ca2+ signaling through drugs and toxic environmental agents can affect the survival and functioning of cells and, hence, lead to conditions such as cancer, diabetes, and other autoimmune diseases, and neurodegeneration.
Regulation of Ca2+ in Mammalian Cells
To keep from being flooded by Ca2+ from the extracellular milieu, cells have acquired during evolution sophisticated transport mechanisms that carefully control access of Ca2+ into the interior of a cell across the plasma membrane and redistribution of Ca2+ from the cytosol into intracellular organelles ( Figure 1 ) (2-5).
C(2+ Transport across
the Plasma Membrane C2+ gains access into cells across the plasma membrane primarily through a number of channels, some of which are tight control by receptors (receptor-operated Ca2' channels), the potential across the plasma membrane (voltage-gated Ca2+ channels) and the content of intracellular Ca2+ stores (storeoperated Ca2+ channels), whereas others appear to be nonselective leak channels (3) .
(a2+ can also gain access into the interior of cells in exchange for Na+ by way of the plasma membrane sodium-calcium exchanger (6) . To counteract the continuous influx of Ca2+ into the cell, the plasma membrane contains a Ca2+-ATPase-type pump (PMCA) that uses ATP-dependent phosphorylation of an aspartate residue to translocate Ca2+ from the cytosol to the extracellular environment (7) . In most tissues this pump is activated by the Ca2+-binding protein calmodulin, which enables it to respond readily to increases in [Ca2%] with an increased Ca2+ translocating activity. (8, 11, 12) . However, under a pathologic situation in which cells are exposed to high levels of Ca2+, mitochondria have been found to start sequestering significant amounts of Ca2+ (13, 14) . Mitochondria take up Ca2+ electrophoretically through a uniport transporter. Release of Ca2+ is accomplished by three different routes: -a) a reversal of the uniporter, b) an Na+-dependent (or independent) exchanger, and c) through an inner mitochondrial membrane pore that is involved in a phenomenon known as inner mitochondrial membrane permeability transition.
The transport of Ca2+ across the nuclear membrane has been the subject of much controversy [for example (15, 16) (1) or in exchange for Na+ via the sodium-calcium exchanger (2) . Once inside the cell, Ca2+ can be translocated back to the extracellular environment, primarily by the action of the plasma membrane Ca2+-ATPase (3) but also by the sodium-calcium exchanger (2) . In addition, Ca2+ will interact with Ca2+-binding or GF with their specific receptors. Abbreviations: ADP, adenosine diphosphate; ATP, adenosine triphosphate; ER, endoplasmic reticulum; G, G protein; GF, growth factor; H, hormones; InsP3, inositol 1,4,5-triphosphate; PLC, phospholipase C; R, receptor; SERCA, sarcoplasmic-endoplasmic reticulum Ca2+-ATPase. These receptors may be G protein coupled and activate PLC through the a subunit of the G protein or through direct coupling in the case of tyrosine kinase receptors for a number of growth factors. The action of PLC on phosphatidylinositol 4,5-bisphosphate leads to the formation of the diffusible messenger InsP3 and the protein kinase C activator diacylglycerol (not shown). InsP3 binds to its receptor located on the ER and opens a channel resulting in the discharge of ER Ca2+ into the cytosol. This in turn produces a decrease in ER Ca2+ content that is recognized by a yet poorly understood mechanism that triggers the opening of Ca2+ channels located in the plasma membrane and Ca2+ influx into the cell. The inset is a schematic representation of the changes in cytosolic Ca2+ concentration during Ca2+ signaling.
Note that the increase in Ca2+ often occurs as a repetitive event with a defined amplitude and periodicity. (60) in apoptosis or may even be completely absent in some cases (61) . In addition, the cloning of the C. elegans gene ced-3 led to identification of a novel family of cysteine proteases (caspases) that cleave their protein substrates at specific aspartate residues. Caspases are now accepted to be the general intracellular orchestrators of apoptosis and are responsible for most if not all biochemical and morphologic features of apoptosis (62) (63) (64) (65) (66) . This led to reinvestigation of how Ca2+ signals can induce apoptosis and, not surprisingly, recent evidence shows that caspases are the effectors of Ca2+-induced apoptosis in the same way as in other forms of apoptosis (67) (68) (69) (70) .
Overall, two main mechanisms by which Ca2+ can induce apoptosis must be distinguished. In lymphocytes (and possibly other cell types), the induction of apoptosis upon B-or T-cell antigen receptor complex stimulation requires Ca2+; in some cases it can be caused by Ca2+ ionophores or thapsigargin. In this case, the Ca2+ signal activates the cells in a manner similar to that triggered by T-or B-cell antigen receptor complex activation. The ensuing apoptotic response is the natural consequence of the cell activation process rather than being due to a direct apoptotic effect of Ca2+ alone. Consequently, the apoptotic effect of Ca2+ should be regarded as indirect. In most cases, however, Ca2+ will trigger apoptosis in a manner that is directly related to a change in cellular Ca2+ levels. (74) . TBT is a member of the highly toxic organotin family and has been extensively used in marine paints to prevent barnacles from attaching to marine vessels. Its use has raised much concern because of its highly cytotoxic properties, especially toward fish and mammals, which induce thymocyte and lymphocyte apoptosis (75, 76) . TBT induces apoptosis by inhibiting SERCA, which triggers release of ER Ca2+ and activation of the store-dependent Ca2+ influx. As a result of the prolonged inhibition of SERCA, the activation of the influx pathway leads to a massive accumulation of Ca2+, which is worsened by the additional inhibition of the PMCA, and subsequent death of thymocytes by apoptosis ( Figure   4 ) (74) . A similar mechanism has been reported for organotin-induced apoptosis of PC12 cells (77 Similarily, Ca2+ signaling processes may be targeted by toxic metals to cause a range of perturbations (78) (79) (80) (81) (82) (84) (85) (86) . The pore complex has been localized to the contact sites between the inner and outer mitochondrial membranes. However, the molecular details of the association of the different components of the pore are still unclear although the conditions that trigger pore opening have been well defined. The pore behaves as a voltage-operated channel that becomes activated by high-matrix Ca2 , oxidative stress, pyridine nucleotide oxidation, thiol oxidation, alkalinization, and low transmembrane potential. Initially, rapid and stochastic opening and closing of the pore is observed (87, 88) . This, however, rapidly develops into persistent pore opening, allowing not only Ca2+ but also low molecular weight matrix components (Mr < 1500) to escape rapidly from mitochondria (89) . At this stage the opening of the pore is still reversible by agents such as cyclosporin A (89) . How the transition occurs from an initially VDAC to a megachannel is presently unclear.
Mitochondria and pore opening play pivotal roles in cytotoxicity. We have previously reported that pore opening is an important event in prooxidant injury in hepatocytes (13 (91) . Because of its nature, mitochondrial permeability transition occurs with severe swelling and complete loss of cellular energy (13, 92, 93) . In fact, recent work by Leist and An alternative explanation for the contribution of mitochondria to apoptosis is that apoptotic stimuli induce mitochondria to release cytochrome c into the cytosol to activate caspases. This model currently is receiving rapidly increasing experimental support. The first indication of this pathway emerged when it was found that Jurkat T-lymphocytes showed a decrease in mitochondrial respiration during CD95-induced apoptosis. The defect in respiration was attributed to a loss of cytochrome c from mitochondria as respiration was reinstated by the supply of exogenous cytochrome c (102) . Other investigators observed that cytochrome c is released from mitochondria in response to certain apoptotic stimuli (103) (104) (105) . The released cytochrome c induces formation of a caspase-activating complex in the presence of dATP (106, 107) that comprises procaspase-9 bound to Apaf-1 (the mammalian homolog of Caenorhabditis elegans CED-4) through a homophilic interaction involving caspase recruitment domain motifs. The proteolytic activation of the proform of caspase-9 to its active form occurs through an intrinsic mechanism and is followed by the downstream proteolytic activation of pro-caspase-3 and pro-caspase-7 (108 (110, 111) . However, other reports clearly demonstrate that cytochrome c is mobilized from mitochondria prior to or in the complete absence of permeability transition (105, 112) in a mechanism that may involve Bax, a member of the proapoptotic Bcl-2 family (113, 114) . Bcl-2 prevents cytochrome c release (105) , possibly through its interaction with Bax. More recently a caspase-8-mediated cleavage product of the BH3-domain-containing Bid has been reported to efficiently release cytochrome c from mitochondria, also in the absence of permeability transition (115, 116) .
Whether the induction of apoptosis by Ca2+ signals requires release of cytochrome c is not yet known. The data by Waring and Beaver (97) suggest that at least permeability transition may not be necessary for Ca2+-induced apoptosis. The reported antiapoptotic effects of Bcl-2 on Ca2+_ induced apoptosis are difficult to interpret because Bcl-2 prevents both cytochrome c release (105) and permeability transitions in response to Ca2+ accumulation (91, 117) , as well as other effects on Ca2+ signaling (118) (119) (120) . Interestingly, Bax recently has been detected in enriched fractions of the pore complex (121) . Thus, the dual effect that Bcl-2 has on mitochondria-preventing cytochrome c release as well as permeability transition-suggests the existence of some form of functional or spatial relationship between cytochrome c release and permeability transition.
Ca2+-Activated Proteases and Apoptosis
Many recent studies of apoptosis have focused on caspases. However, there is considerable evidence that additional proteases, including serine proteases [for example (60, (122) (123) (124) ] as well as members of the calpain family of Ca2+-activated proteases (125, 126) , participate in apoptosis. Results of inhibitory studies indicate that the contribution of calpains to apoptosis appears to be limited to certain cell types such as thymocytes (126) , monocytic U937 cells (125) , cardiac myocytes (127) , and neuronal cells (128) (129) (130) .
The cellular targets for calpains in apoptosis are not well known. We know that fodrin is cleaved by calpains during tumor necrosis factor-induced apoptosis in U937 cells (125) and a Ca2+-activated proteolytic system that cleaves lamins exists in thymocyte nuclei (131) .
Recently, calcium has been found to increase caspase-3 activity in a cell-free system when added to nonapoptotic cell cytosol and to elicit nuclear morphologic changes and DNA fragmentation (132) . However, the Ca2+-induced processing and activation of pro-caspase-3 to caspase-3 did not involve calpains but an N-tosyl-Lphenyl chloromethyl ketone-sensitive serine protease. These findings may help not only to uncover the up-to-now elusive mechanism of caspase activation in Ca2+-induced apoptosis but also to position more precisely the role of serine proteases in apoptosis.
Ca2+ Pool Emptying versus [CaQ2] Increase
Several studies have reported that the removal of extracellular Ca2+ did not prevent apoptosis induced by thapsigargin. Instead, a much closer correlation between ER Ca2+ pool emptying and apoptosis was observed (133) (134) (135) (136) (137) . Evidence for a causal relationship between Ca2+ store emptying and apoptosis is based on several observations, particularly the ability of Bcl-2 to antagonize ER Ca2+ pool emptying (120, 133, 138) , the antiapoptotic effect of the ER Ca2+-storing protein calreticulin (139, 140) , and the ability of high extracellular Ca2+ to restore Ca2+ pools thereby preventing apoptosis (137) .
Depletion of ER Ca2+ stores triggers a stress condition reflected in a shutdown of both protein (141, 142) and phosphatidylserine syntheses (143, 144) and the transcriptional upregulation of several ER stress proteins that are also chaperones, including HSP70 (145), BiP (immuno globulin heavy chain binding protein)/ GRP78 (glucose-regulated protein 78), GRP94, and ERp29 (145) (146) (147) (148) (149) . The induction of the ER stress proteins following ER Ca2+ store emptying requires among others the transcription factors CBF/NF-Y, EGR-1, and YY1, which are activated under these conditions and interact with regulatory elements such as CCAAT (147, (150) (151) (152) . The significance of the stress response in the context of apoptosis is presently unclear, although recent evidence suggests that some of the ER stress proteins have a cytoprotective function rather than being proapoptotic (153) (154) (155) (156) . Interestingly, BiP/GRP78 is also a major Ca2+ storage protein, with approximately 25% of the ER Ca2+ store being bound to this protein (157) . Together, the evidence indicates that ER Ca2+ pool emptying by SERCA inhibitors and Ca2+ chelators induces ER stress and apoptosis in numerous cell systems. However, we still know very little about how this stress response leads to apoptosis.
Ca2+-lnduced Apoptosis: Indirect Mechanisms
A major feature of the immune system is its plasticity, which enables it to respond rapidly to invading organisms and foreign, infected, or transformed cells. Clonal expansion of T lymphocytes that recognize specific antigens occurs through stimulation of the T-cell antigen receptor complex with signaling through p21 ras and Rac and through phospholipase 71. The latter enzyme mediates the release of InsP3, Ca2+ mobilization, and downstream events involving calcineurin and nuclear factor of activated T cells (NF-AT). Once the infection has been overcome and the foreign or transformed cells eliminated, clonal expansion must be reversed and the T-lymphocyte elimination process occurs by apoptosis. Recent work has shown that the apoptotic response is effected by Ca2+ and calcineurin-mediated upregulation of CD95 (Fas, APO-1) ligand and TRAILI (APO-2 ligand), which in turn activate their death receptors and induce apoptosis (158) (159) (160) . Consequently, Ca2+-mediated apoptosis of lymphocytes does not appear to involve a direct apoptotic effect of Ca2+ but instead is indirectly mediated through upregulation of cytokines that activate plasma membrane death receptors.
Is Ca2+ Involved in All Forms of Apoptosis?
Many stimuli induce apoptosis in the absence of any detectable changes in Ca2+ fluxes or [Ca] 2+], and therefore no direct role of Ca2+ signaling is apparent. However, over the past few years, a number of reports have appeared in which components of the Ca2+ homeostatic and signaling machinery have been identified as important regulators of apoptosis. For example, ectopic expression of the Ca2+-binding protein calbindin-D28K provides protection against a number of apoptotic stimuli (161, 162) . Similarily, the expression of InsP3R3 in thymocytes, B and T cells is increased manyfold during apoptosis (163 
